Abstract. Aeration system is extensively applied in aquaculture and waste water treatment. It provides oxygen for organism living and mixing while consumes colossal amounts of energy for operating. Hence, the improvement of aeration system is not only providing enough oxygen and mixing but also concerning to the energy saving. Liquid film forming apparatus (LFFA) is a simple equipment that itself does not consume any power. It can be installed in existing conventional aeration system without large-scale retrofitting. Laboratory scale experiment was performed in a 190-litre aeration tank. The different types of air diffuser providing different bubble aspects were installed at the bottom of the aeration tank as the conventional diffused aeration systems. The volumetric mass transfer coefficient ( ) of the aeration systems with LFFA are higher than the conventional systems notably. The mechanism of oxygen transfer in LFFA system can be summarized into 4 patterns: 1) Conventional mechanism, 2) Bubble collection mechanism, 3) Bubble recirculation mechanism and 4) Bubble-Liquid Foam mechanism. Then, the interfacial area (a) is improved comparing with the conventional diffused aeration system. The LFFA system should be operated with small bubble diameter generation (< 3 mm). The can be increased 11 -37 % depending on generated bubble size. By determining the additional interfacial area (a+), the bubble collection phenomena, as well as, the proper superficial gas velocity (>0.13 m/s) can be defined and provided a better understanding on oxygen transfer mechanism in LFFA system.
Introduction
The aeration system that air is mixed with or dissolved in liquid in order to increase oxygen content of water is extensively applied in aquacultures for examples fish farming, shrimp farming, etc. for the organisms living as well as bioreactors, an urban waste water treatment for the microorganism metabolism. The oxygen will be transferred into the liquid phase as dissolved oxygen via interfacial film between gas phase and liquid phase. Hence, the oxygen transfer in aeration systems can be divided into two processes: bubble oxygen transfer and surface oxygen transfer. Then turbulence or mixing will be needed to distribute dissolved oxygen concentration uniformly in liquid phase [1] . Generally, the conventional aeration system introduces oxygen gas into liquid phase by either diffused or mechanical aerators in order to provide enough oxygen for organisms living and mixing. However, in case of real operating condition, more than half of the total power consumption in waste water treatment plants are related to their aeration system. Thus, the improvement of highly efficient aeration system has presently not only providing oxygen and mixing but also concerning to the energy saving.
The performance of the aeration system, as well as related the energy consumption is definitely linked to the efficiency of the oxygen transfer phenomena. Therefore, many researches have focused on the enhancement of the oxygen transfer efficiency by developing variety of new aeration techniques mostly concerning bubble oxygen transfer, including the high-purity-oxygen aeration, deep tank aeration, fine bubble aeration, etc. and also the characteristics of bubble rising from the diffuser to the water surface . There was only a little effort devoted to the research on the improvement of surface oxygen transfer which indicated that is approximately one-third of the total volumetric mass transfer coefficient ( ) [26] [27] [28] [29] . Liquid-film aeration system (LFAS) which consists of liquid film forming apparatus (LFFA) is developed by aiming to enhance surface oxygen transfer. It has a very simple structure and can be installed on the water surface of existing conventional aeration system without large-scale retrofitting. Moreover, LFFA itself does not consume any power, it is also suitable for the energy saving. Imai and Zhu indicated that, at the air flow rate range 6 -12 L/min, the aeration efficiency of LFFA system increases by 6.3 -14.3% compare with conventional aeration system [30] .
In order to understand the LFFA mechanism for improving the aeration efficiency, the oxygen transfer in LFFA aeration systems is divided into bubble oxygen transfer and surface oxygen transfer. Conventional diffused aeration system with and without LFFA are also compared to evaluate the oxygen transfer efficiency due to LFFA. Moreover, different types of air diffuser that provide different bubble aspects are examined in order to determine the hydrodynamic parameters that control the LFFA efficiency. Then, the mechanisms that improve the aeration efficiency can be clearly exposed. Finally, the proper operating condition and the preliminary design criteria can be proposed to be the guideline for improvement efficiency of aeration systems by LFFA. 
Materials and Methods

Experimental Setup
The experimental setup schematic is presented in Fig. 2. 1. An air diffuser (5) was installed in a 190 L capacity cubic tank (7) with a surface area of 3,600 cm 2 . Its location was at the center of the experimental water tank bottom with an aeration depth of 52 cm. Bubble was generated by an air pump (1) passing air (Qg) regulated by gas flow meter (3) through the air diffuser. Three types of air diffuser: (A) rigid diffuser, (B) membrane diffuser and (C) tubular diffuser as shown in Fig. 2 .2 were used in this study. Both pressure control valve (2) and pressure gauge (4) were used for measuring the pressure drop across the air diffuser. The liquid-film apparatus (LFFA) (9) was installed at the surface water over the air diffuser. The schematic drawing of the LFFA is shown in Fig. 2.3 . The LFFA, made of plastic here, consists of 2 parts: (i) coneshaped capture part as a bubbles collector and (ii) effluent part located at the top of the cone. Air bubbles released from the air diffuser were collected inside the capture part and released through the effluent part as a liquid foam. Then the aeration system with and without LFFA were study. 
Analytical Parameters
Bubble hydrodynamic parameters were investigated by using a high speed camera with 350 frames/sec (8) and image analysis software ImageJ and Image Frame work. The average bubble diameter (dB) and its rising velocity (UB) were deduced from the measurement of bubbles. Next, the average bubble formation frequency (fB) and the number of bubbles in the aeration system (NB) were determined by Eq. (2.1) and Eq. (2.2) respectively. Then, the specific area (a) was determined by Eq. (2.3) as presented in Table 2 .1, where Qg represents the gas flow rate, VB the volume of a bubble, A the cross-section area and HL the height of liquid.
The oxygen transfer was measured by the standard method of ASCE (1993) [31] . The change of dissolved oxygen concentration was measured by DO meter (6), Horiba OM-51. Nitrogen gas was used for decreasing amount of dissolved oxygen in water as well as sodium sulfite ( ) with Cobalt chloride ( ) as it's catalyze. All chemical solution was injected at the top of the tank. The calculation of total volumetric mass transfer coefficient is given by Eq. (2.4), where Cs represents the saturated oxygen concentration, Ci the initial oxygen concentration, Cf the final oxygen concentration and t the duration time. Finally, all above calculated volumetric mass transfer coefficient was converted to standard condition temperature (20C) by Eq. (2.5), where T represents the temperature. When the volumetric mass transfer coefficient and the specific area were determined, the liquid side mass transfer coefficient could be calculated by Eq. (2.6) as presented in Table 2 .1. Moreover, the aeration performance evaluation as standard oxygen transfer rate (SOTR), standard oxygen transfer efficiency (SOTE) and standard aeration efficiency (SAE) were calculated by Eq. (2.7)-(2.9). Where V represents the volume of reactor, Gs the total air flowrate and WP the power input. 
Results and Discussion
Effect of Air Diffuser In Conventional Diffused Aeration System
In this research, the different gas diffusers: rigid diffuser (RD), tubular diffuser (ED) and membrane diffuser (MD) were selected in order to analyze the mass transfer and bubble hydrodynamic parameters. This experimental will be applied as the representative results from the conventional aeration system, as well as, compared with those from LFFA system. The variation of coefficient with the air flow rate was presented as in Fig. 3 .1. It can be noted that the values of obtained with RD, ED and MD increase with air flow rate. Whatever the air flow rate, the coefficients from MD diffuser were greater than those from ED and RD diffusers. Moreover, the aeration performance parameters in terms of the related pressure drop for bubble generation (P), standard oxygen transfer efficiency (SOTE) and standard aeration efficiency (SAE) were calculated and summarized as in Table 3 .1. As indicated in Table 3 .1, MD and ED diffusers can provide the higher aeration performance than the RD one. Noted that these results correspond theoretically with the coefficient and power consumption for bubble generation (pressure drop). In order to provide a better understanding on the volumetric mass transfer coefficients and the related aeration performance parameters. Hydrodynamic aspects of bubble released from different types of air diffuser were captured by high speed camera and measured for bubble size and bubble rising velocity. These basic data will be used to analyze and explain other parameters concerning mass transfer phenomena. The overall results can be summarized as shown in Table 3 .1, and discussed in detail as following:
 Bubble size from RD, ED and MD tend to increase with increasing air flow rate. In the air flow rate range of 3 -30 L/min, MD produced the smallest bubble at 0.13 -0.26 cm diameter. While ED produced bigger bubble at 0.21 -0.32 cm diameter. And RD produced the biggest bubble at 0.29 -0.40 cm diameter. Not only air flow rate but also material and pore size of air diffuser that control bubble size. MD and ED were made of expandable elastic rubber. Their pore size were larger when turn air flow rate higher. While RD was made of ridged material that release air bubble from fix pore size. Therefore, the range of bubble size obtained with MD and ED are wider than those obtained with RD;  Series of the rising bubble images were used to analyze their rising velocity. It can be noted that bubble velocity from RD, ED and MD are tend to increase with increasing air flow rate. In the air flow rate range of 3 -30 L/min, bubble velocity from RD is highest followed by ED and MD at 33-48, 28-42 and 23-39 cm/s as a sequence: the effect of bubble size should be responsible for these results.
 The experimental results of bubble diameter and rising velocity lead to the calculation of interfacial area (a). The value of tends to increase with increasing air flow rate. The interfacial area of ED displays an evolving trend same as that of RD. In the air flow rate range of 3 -30 L/min, it moderate increases with increasing air flow rate. While that of MD shows steeper increase trend than that of the others. The interfacial area of MD, ED and RD are 1.68 -7.88, 1.06 -4.94 and 0.70 -3.93 /m respectively. Noted that the interfacial area depends on surface area and retention time of bubble in liquid. Thus, the smallest bubble size from MD can maximize the bubble transferred-surface due to the highest number of bubbles, the retention time due to the slowest bubble rising velocity, as well as, the interfacial area. Due to the coefficient calculated by Eq. (2.6), the values (obtained experimentally) vary between 0.0002 and 0.00045 m.s -1 for bubble sizes varying between 0.15 and 0.5 cm. Moreover, it can be noted that the value remain roughly constant for these range of bubble diameter. The results in this study agree with the three zones of the coefficients proposed by [32] . In order to enhance the coefficient and overall aeration performance, the alternative method for improving the interfacial area, as well as, for controlling the power consumption should be well considered. The Liquid Film Forming Apparatus (LFFA) will be thus applied, as well as, analyzed in terms of aeration mechanism and related bubble hydrodynamic parameters in the next part.
Comparing the Aeration System with and without LFFA
In this part, the aeration systems with air diffuser (RD, ED and MD) and with LFFA (RDL, EDL and MDL) were compared in terms of mass transfer coefficient ( ) and aeration performance. Fig. 3.3 , it can be indicated that, whatever the aeration systems, the volumetric mass transfer coefficient increases with the gas flow rate. The values of vary between 1.6 and 21 hr −1 for gas flow rates varying between 3 and 30 L/min. Moreover, by using the LFFA system, the increase of coefficients can be concluded for whatever the diffuser types. The lowest coefficient is obtained for the RD system and the highest for MDL system. Noted that, overall the resulting trend was similar to that obtained with the conventional system as shown in Fig. 3.1 . Therefore, the selection of diffuser with the small bubble size generation can be defined as one of the important factors for improving the aeration performance by LFFA system. By determining the standard oxygen transfer efficiency (SOTE) as in Fig. 3.4 , it can be noted that, at low air flow rate (< 3 L/min), the values of SOTE obtained with LFFA system was lower than those obtained with conventional ones for whatever the diffuser types. The limitation of liquid phase mixing and of oxygen transfer due to the liquid surface turbulence should be responsible for these results [27] . When air flow rate increases, LFFA system can enhance the SOTE values-the highest SOTE improvement can be observed with MDL at air flow rate of 30 L/min. However, for higher air flow rate, it is interesting to note that the SOTE tend to be roughly constant for MDL and EDL system, whereas, to be significantly decreased for RDL system. The air flow rate (QG) or superficial gas velocity (VG) should be taken into account for optimizing the aeration performance. Noted that bubble coalescence phenomena occurred at high QG values affecting directly on the interfacial area, as shown in Table 3 .1, can be probably concluded as the reason for these negative results. Therefore, the oxygen transfer rate and the aeration efficiency can be successfully developed by LFFA within the suitable design and operating condition. Moreover, about the bubble hydrodynamic aspects, the LFFA system should be operated with small bubble diameter generation (< 3 mm), as well as, with moderate air flow rate (5-30 L/min) in order to well improve the aeration performance.
Concerning to
In the next section, the LFFA system will be mathematically analyzed for distributing the oxygen transfer mechanism as: 1) mass transfer from bubble in reactor and 2) mass transfer at liquid surface. Note that rigid (RD) and membrane (MD) diffusers were selected in order to provide a better understanding and clearly difference on the obtained results.
Comparison of the Volumetric Mass Transfer Coefficient in Terms of Bubble and Surface Mass Transfer Mechanism from LFFA System
The dissociation method for studying the oxygen transferred by bubble in reactor and water surface turbulence proposed by Wilhelms and Martin (1992) has been applied in this work. By diffusing nitrogen gas into water instead of air, the liquid phase is deoxygenated: the only way that oxygen can transfer to water, in the same time, is due to the liquid surface turbulence. Then, the basic oxygen transfer equation is presented as Eq. (3.1).
where dt dC = rate of mass transfer.
= rate of mass transfer from surface (3.
3)
The saturated oxygen concentration (Cs) from bubble is equal to zero when the liquid phase is deoxygenated. Then, the rate of mass transfer from bubble is presented as Eq. (3.4).
Since the saturated oxygen concentration from surface is followed by Henry's Law. When Eq. 
The values of oxygen concentration from experiments with nitrogen gas were recorded. Then, the values of and can be thus determined by nonlinear regression equation as Eq. (3.5). A comparison between and obtained with LFFA and conventional system can be summarized, as well as, the following comments can be made:
 whatever the aeration system, the coefficients from bubble in reactor ( ) were higher than those from liquid surface turbulence ( ). The average to ratio can be 0.15 and 0.05 for rigid and membrane diffusers, respectively. Form the experiments conducted by Wilhelms and Martin (1992) , one-third of oxygen transfer in the bubble plume aeration tank was due to the surface exchange. The difference of bubble generation regimes that induces mixing and gas transfer should be answerable for these results.  the overall coefficients tend to increase with increasing air flow rate, especially for values-this is due to the augmentation of bubble number and interfacial area. However, the irrelevant change of values should be related with the limitation of mixing or turbulent at liquid surface from the range of air flow rate used in this work.  by installing the LFFA system, the reduction of to ratio can be observed. The bubble collection or accumulation within the cone-shaped capture part, as well as, can possibly diminish the oxygen transfer at liquid surface and thus the obtained coefficient.  the coefficients in the case of rigid diffuser (RD and RDL) were larger than those in the case of membrane diffuser (MD and MDL). The more pronounce of large-size bubble plume and generated liquid-bubble foam at liquid surface should be the main reason for these results.
In order to validate the obtained results, another experiment was set up by the same aeration tank, and the same operational condition with the RDL. But the tank was covered at the top, then nitrogen gas was passed beyond the water surface by the same as air flow rate in each condition, according to diminishing the surface transfer and measuring the bubble transfer individually. The experimental set-up and related results can be presented in Figure 3 .7a. and 3.7b., respectively. coefficient versus air flow rate for validating the bubble and surface mass transfer from RD and RDL From the result, it was found that when the rigid diffuser was operated together with LFFA (RDL), the coefficient was improved by the same trend as the previous results. Comparing the obtained by the nitrogen condition which could be considered as the oxygen transfer on the water surface was inhibited, then the oxygen transfer was occurred by bubbles individually. When considered the of RDL as 100% of the system, the bubble transfer by the nitrogen condition was around 94%. According to the assumption, which describe the total oxygen transfer consist of surface and bubble transfer, as following relation,
According to the previous equation, the surface transfer can be obtained which it was around 6% of the total oxygen transfer. This result represented the was clearly improved in term of bubble collection within the cone part of the LFFA; this can increase interfacial area and extend contacting time between the bubbles and the water through the collection phenomenon. Moreover, when compared the conventional system (RD) with the LFFA system (RDL) at air flow rate higher than 15 L/min, it was found that the overall was increased around 21%, which could be allocated by 13% for bubble transfer improvement and 8% for surface transfer improvement. Therefore, the LFFA can improve the oxygen transfer both mechanisms of bubble transfer and surface transfer, by bubble collection phenomenon and foaming on the water surface by highly turbulent, bubble collection was more effective mechanism than the foaming on the surface. The bubble collection phenomena will be thus analyzed in the next part.
Bubble Collection Phenomena in LFFA System
In order to confirm the effect of bubble collection or accumulation from LFFA system on the coefficients, the image analysis experiment was conducted in this work. Figure 3 .8 presents the variation of bubble accumulation height and light density ratio with air flow rate (3 -30 L/min) for the different types of diffusers. Note that many images of bubbles inside LFFA were captured by using the high speed camera: the obtained images will be analysed in terms of bubbles accumulation aspect and their light density. Due to the installation of cone shape of LFFA, the bubble collection phenomena should be different, as well as, can be experimentally determined. As shown in Fig. 3.8 , the bubble accumulation height increases with increasing air flow rate and then achieves the roughly constant values. The highest and lowest values were obtained with EDL and RDL, respectively. At low air flow rate (< 3 L/min), the height from RDL was greater than from EDL and MDL, whereas, the contradictory results were observed when the air flow rate increases. It can be expressed, at this point that the bubble accumulation height relates with the bubble size generated from the diffusers and with the air flow rate. Since the bubble density presence in LFFA cannot be directly determined by 2D camera. Thus, Light density ratio measurement was also processed by software Image Frame Work as the representative parameter for observing the trend of bubbles density. Noted that the amount of light on image as ratio value comparing to the reference (white image) was measured. When the bubble density increases, light is more reflexed to the camera, as well as, the light density ratio increases. Comparing the light density ratio and bubble accumulation height, it can be noted that the similar trend can be observed. These 2 methods can be possibly applied in order to evaluate the bubble captured inside LFFA.
By considering the bubble hydrodynamic parameters as previously presented in Table 3 .1, it can be noted that the differences in terms of bubble diameters are directly linked to bubble collection in LFFA: large bubble size can cause more bubble layer thickness and thus light density ratio. However, for higher air flow rate, the bubble coalescence can affect on the increase of bubble rising velocity, and thus the reduction of bubble collection in LFFA, especially in the case of RDL. Concerning to the results obtained with EDL and MDL, it is interesting to understand the link between the mass transfer coefficient and the bubble collection in LFFA. Due to the small bubble generated from MD, these bubbles can be tightly packed inside the capture part, as well as, possibly recirculated within the reactor: the interfacial area is high compared to those obtained with the different diffusers. Moreover, the packed bed from small bubbles have more chance to discharge from the top of LFFA to liquid surface in order to gain the total oxygen transfer by surface oxygen transfer. Therefore, these results confirm to the high and oxygen transfer efficiency in the case of LFFA system with membrane diffuser (MDL) as previously shown.
In conclusion, from all the results above, the mechanism of oxygen transfer in LFFA system can be summarized into 4 patterns as shown in Fig. 3 .9. Fig. 3.9 . Four patterns of oxygen transfer mechanisms in LFFA system.
Additional Interfacial Area in LFFA for Proposing the Design Criteria and Operating Condition
In order to propose the suitable LFFA design criteria and operating condition, the additional interfacial area (a+) in the aeration system with LFFA was defined and determined Note that, from the experimental results, the average value of liquid-side mass transfer coefficient ( Avg = 3*10 -4 m/s) related with the tap water was applied in this part. The additional interfacial area ( ) can be calculated by Eq.
where and represent the volumetric mass transfer coefficient obtained experimentally in aeration system with LFFA and in conventional aeration system, respectively. In conclusion, it can be stated that the selection of air diffuser and flow rate is very important for improving the aeration performance by using LFFA system. These can affect not only the conventional aeration mechanism by rising bubble in reactor, but also the bubble collection and foam of liquid -bubble obtained with LFFA system. From all results obtained in this research, the design criteria & operating condition is recommended and presented in Table 3 .2.
Conclusion
The LFFA can improve the oxygen transfer not only bubble oxygen transfer but also surface oxygen transfer. The mechanism of oxygen transfer in LFFA system can be summarized into 4 patterns: 1) Conventional mechanism, 2) Bubble collection mechanism, 3) Bubble recirculation mechanism and 4) Bubble-Liquid Foam mechanism. Without more power requirement, then, the interfacial area (a) is improved comparing with the conventional diffused aeration system. The selection of diffuser with the small bubble size generation can be defined as one of the important factors for improving the aeration performance by LFFA system. The LFFA system should be operated with small bubble diameter generation (< 3 mm). Then, the LFFA is able to increase 25-37%, 11-25% and 13-17% for MDL, EDL and RDL respectively. For this LFFA aeration system, the proper superficial gas velocity is more than 0.13 m/s for 1 m 2 of the cross section area of its effluent part. In future, it is evident that the results observed in the small aeration tank have to be validated in a large scale-system with different LFFA installation patterns. Finally, the theoretical models or correlations should be considered to compare the experimental results of bubble hydrodynamic and mass transfer parameters and predict the aeration efficiency obtained in a LFFA system.
